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The Cambridge Double Star Atlas

The Cambridge Double Star Atlas is back! It is the
first and only atlas of physical double stars that can be
viewed with amateur astronomical instruments.
Completely rewritten, this new edition explains the
latest research into double stars and the equipment,
techniques, and opportunities for you to discover,
observe, and measure them. The Target List has been
completely revised and extended to 2,500 binary or
multiple systems. Each system is described with the
most recent and accurate data from the authoritative
Washington Double Star Catalog, including the
Henry Draper and Smithsonian numbers that are
most useful in our digital age. Hundreds of remarks
explain the attributes of local, rapidly changing, often
measured or known orbital systems. The color atlas
charts by Wil Tirion have been updated, to help you
easily find and identify the target systems, as well as
other deep-sky objects. This is an essential reference
for double star observers.

BRUCE MACEVOY is a Fellow of the Royal
Astronomical Society and member of the
Astronomical Society of the Pacific. He built his first
telescope at age 11 and has studied double stars
intensively since 2006. He has lectured on double star
astronomy in California and Hawaii, developed
database software to edit the Washington Double
Star Catalog, and has observed over 5,300 double star
systems from his observatory near Sebastopol,
California. He was formerly a senior research
psychologist with SRI International and director of
research for Yahoo! He also curates one of the largest
websites devoted to astronomical topics, www.

handprint.com/ASTRO/.

WIL TIRION is a full-time uranographer. He is
famous among the amateur astronomy community for
the numerous atlases and star charts he has created.
Among his other successful books for Cambridge
University Press are Sky Atlas 2000.0 (co-published
with Sky Publishing), The Cambridge Star Atlas, The
Monthly Sky Guide, and A Walk Through the Heavens.
A full list of Wil Tirion’s publications are available on
his website: www.wil-tirion.com.
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INTRODUCTION

This new edition of the Camébridge Double Star Atlas
is designed to improve its utility for amateur
astronomers of all skill levels.

For the first time in a publication of this type, the
focus is squarely on double stars as physical systems, so
far as these can be identified with existing data.
Using the procedures described in Appendix A, the
target list of double stars has been increased to 2,500
systems by adding 1100 “high probability” physical
double and multiple stars and deleting more than
850 systems beyond the reach of amateur telescopes
or lacking any evidence of a physical connection.
Wil Tirion has completely relabeled the Az/as charts
to reflect these changes, and left in place the previous
edition’s double star icons as a basis for comparison.
This new edition provides a selection based entirely
on evidence rather than traditional opinion, so that
the twenty-first century astronomer can explore
with fresh eyes the astonishing actual variety in
double stars.

Continuing the emphasis on physical systems, this
Atlas explains the origin and dynamic properties of
double stars and the role they have played in our
understanding of star formation and stellar evolution.
The dynamics of binary orbits, stellar spectral types,
and methods of detecting and cataloging double stars,
are explained to enrich the observer’s understanding
of double star astronomy. There is also practical
guidance for the visual astronomer — information on
optics, equipment preparation, useful accessories,
viewing techniques and opportunities for amateur
research. The references suggest both print and online
double star resources. Finally, over 330 systems in the
target list are marked with a star () in the left
margin. These indicate “showpiece” systems of
intrinsic beauty or charm, “challenge” pairs of close
separation or large brightness contrast and several
systems that have been important in the history of
astronomy. From most observing locations, at least
three dozen of these targets will be in view at any time
of night on any evening of the year.

Jim Mullaney’s choice of nineteenth century double
star catalog labels has been retained as a tribute both
to his original A#las concept and to the bygone astral
explorers who discovered over 90% of the systems in the
target list (see Appendix D). These labels are also a
convenient link to the legacy double star literature and a
compact labeling style for the At/as charts. However,
as a convenience to the digital astronomer, the target
list provides both the Henry Draper (HD) and
Smithsonian (SAO) catalog numbers for each system.
The first will identify each system in the research
literature and online astronomical databases, the second
is'a compact targeting command or search keyword
recognized by most GoTo telescope mounts and
planetarium software.

What are double stars?

Let’s start by adapting the definition from double star
astronomer Wulff Heintz:

A double star is two or more stars that are bound by
mutual gravitational attraction into an enduring

(usually lifelong) dynamic system.

The fundamental unit is two stars — usually termed
a binary star — orbiting their mutual center of gravity.
But a double star may also be triple, quadruple,
quintuple and so on, under the umbrella category
of multiple star. Using the singular szar indicates
that a double or multiple star is a single physical
system, an astrophysical fact. By contrast, an gptical
double star is (as the name implies) only an optical
illusion, two stars among millions that by chance
are aligned along our line of sight. Although in
most cases evidence for physicality is inconclusive or
entirely lacking, especially in distant pairs, advances
in astronomy in recent decades have given us a new
capability to distinguish fact from illusion in double
star astronomy.

Double stars display an enormous range of orbital
dynamics and stellar types, and produce characteristic
visual patterns that the astronomer will encounter
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often at the eyepiece. The most common of these
patterns are illustrated on the back cover. The
challenge for double star astronomers is to understand
how these systems were formed and how they will
change over time, then to apply this knowledge to

answer basic questions about our Galaxy.
Remarkably, all evidence suggests that most if

not all stars in the Galaxy were formed as members
of double star systems. This means that nearly all the
double stars we observe have been united from birth.
And most double stars will eventually die together,
one after the other, like Romeo and Juliet. We know
this from the many binary systems that contain a dead
or dying star, and the large number of binaries that are
orbiting so closely they can never be torn apart.

unequal

The old view was that double stars formed by
randomly falling into mutual orbits as they circled the
Galaxy, or appeared when a single massive star
rotated so rapidly that it split in two. The current
view is that double stars are literally born together
from a single cloud core of gas and dust collapsing into
its own gravity. The collapsing core, stressed by
external shock waves and internal turbulence, divides 2+1 triple
into two or more protostars (prompt fragmentation).
Matter that continues to fall toward a protostar swirls
into an enormous accretion disk that often develops
spiral arms or irregular clumps (disk fragmentation).
These also gather mass to become low mass
companion stars or planetary systems.

These collapsing cloud cores rarely form in double double
isolation: most are found inside a much larger
concentration of gas and dust known as a star forming
region (SFR). The number of stars that form within
a single SFR depends on the mass, density and
turbulence of the gas and dust it contains, but a
typical SFR can span several parsecs and produce
hundreds or thousands of new stars. Inside these
murky clouds, usually found churning along the arc of
a galaxy spiral arm, protostars attract matter and grow
hotter and more compact with the increasing pressure
of gravitational contraction. Within a few million
years at most, the most massive of these young stars
fire up their thermonuclear cores, push back the
clouds with the force of their radiation, light up the

ispersing gas as an emission nebula, and unveil a
disper: bul d 1
young star cluster to our view.
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The masses, rotational speeds and orbits of double
protostars depend on the turbulence of the cloud core,
the density of gas and dust in the SFR, the rate of
their mass accretion and the angular momentum
contained in their accretion disks. They also depend
on interactions with other stars in their cloud core
and natal star cluster. Binary protostars are slowed
into smaller orbits by friction with their enveloping
clouds; as they grow in mass, near encounters with
other stars in the natal cluster can shear apart widely
separated or “soft” companions, perturb stable orbits,
and bind tighter already close orbiting or “hard”
binaries. The often elliptical shape of double star
orbits and the extreme variation in orbital periods are
the result of these cumulative influences. Even stars
too far apart to have formed in the same cloud core
can display common proper motion — parallel motion
across the sky — because they were born in the same
SFR and escaped in the same direction as the natal
cluster dissolved. For all these reasons, double stars
have been called the “fossils of star formation.”

How stars form is only one of the many mysteries
that double stars have illuminated in the history of
astronomy. William Herschel discovered in
1802 that they moved in orbits, demonstrating that
Isaac Newton’s gravitational attraction governed
not just our solar system but the visible universe.

In the nineteenth century, systematic discovery and
observation of nearby binary systems led to refined
methods of measurement and orbital calculation,
which allowed astronomers to “weigh” double stars
and discover the enormous range in stellar masses.
With accurate estimates of stellar distance from the
parallax surveys of the twentieth century, mass
could be compared to intrinsic brightness (absolute
magnitude). This confirmed that the brightest stars
are also the most massive and pointed to nuclear
tusion as the only possible source of starlight;
theoretical physics could then deduce the paths of
stellar evolution. Double stars have also been essential
to our understanding of star clusters, many types of
variable stars, supernovae, black holes and exotic
high energy sources in deep space. They are the
keystone species of the Galaxy.

What are double stars? The astronomer Simon
Portegies Zwart answered the question this way:

Binaries are the basic building blocks of the Milky
Way as galaxies are the building blocks of the
universe. In the absence of binaries many
astrophysical phenomena would not exist and the
Galaxy would look completely different over the
entire spectral range.

The binary orbit

The essence of double stars is found in the binary
orbit, which is a stable dynamic balance between
mutual gravitational attraction and centrifugal orbital
energy.

Let’s start with the simplest example of two identical
stars in a circular orbit. (Circular orbits are often
found in close binaries that orbit in 10 days or less.)
Each star attracts the other, so the total gravitational
attraction between the two stars is proportional to their
combined systern mass (My + M). But the strength
of their mutual attraction varies as the inverse square
of the distance between the stars. If the distance is
multiplied by a number, the gravitational attraction
is reduced by the reciprocal of the number squared.
Increasing the distance by three times reduces the
gravitational attraction to 1/9; reducing the distance
by half increases the gravitational attraction four times.

However, in our circular binary the effective
distance is not from one star to the other but the
orbital radius (r) from each star to their common
center of gravity or barycenter, at the center of their
shared circular orbit. The two stars are always
connected by a line through this fulcrum point, which
means they have the same orbital period (P). As the
stars revolve around the barycenter, their constant
gravitational attraction is offset by a constant orbital
velocity. A greater system mass or smaller orbital
distance would require a greater orbital velocity to
offset the greater gravitational attraction.

This simplest of all possible binary orbits can be
imbalanced in two ways. First, the two stars are
usually of unequal mass. In that case, balance is
restored by making the distance of each star from the
barycenter proportional to the mass ratio (g), the
mass of the smaller star divided by the mass of the
larger (M,/M). Like unequal weights on a balance
beam, balance requires the larger star to be closer
to the center of gravity. As a result, the heavier star
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Figure 1 Five binary orbits

The absolute orbit of Sirius (top) shows the elliptical orbits of

the two components around their mutual center of gravity.

moves in a separate circular orbit inside the orbit of
the less massive star, and because its orbit is smaller,
its orbital velocity is proportionally less.

Most binary orbits are also imbalanced a second
way: the distance between the stars oscillates in
synchrony with the orbital period, from a point of
closest approach (periastron) to a point of farthest
separation (apastron). This sends the stars into
opposing elliptical orbits around the barycenter, now
located at one focus of each ellipse (see Figure 1, top).
The two stars are still connected by a line through
the barycenter, the orbits have the same elliptical
elongation or eccentricity (e) (see Appendix B) and
the larger star still moves at a lower average velocity in
a proportionately smaller orbit. Because the mutual
gravitational attraction increases as the mutual
distance from the barycenter decreases, the changing
distance between the stars must be balanced by a
changing orbital velocity, reaching peak velocity at
periastron, lowest velocity at apastron. This elegant
combination of system mass, mass ratio, orbital
radius, eccentricity and orbital velocity around the
barycenter is the absolute orbit, the actual physical
motions of a binary star (see Figure 1, top).

Unfortunately, the barycenter of a binary system
is invisible to an observer, so it cannot be used as a
reference point to measure the orbital motion.
Instead, the brighter and usually more massive
primary star is made the anchor point, and the path
of the fainter, less massive secondary star is measured
in relation to it (see Figure 4). This is the relative
orbit. It has the same period and eccentricity as the
absolute orbit, but now the average orbital radius (r)
is equal to the semi-major axis (a), half the longest
dimension of the orbital ellipse. (Half the shortest
dimension is the semi-minor axis, b.)

As a final wrinkle, the relative binary orbit is almost
always tilted to our direction of view. This will make
a circular orbit appear elliptical, like the rim of a cup
viewed from one side, and the point of periastron in
an elliptical orbit may not be the point of smallest

Figure 1 (cont.) The five apparent orbits shown are the orbits
we actually measure. The dotted line indicates the major axis of
the relative orbit with apastron and periastron at opposite ends.
The current (2015) position of the components is shown with
their predicted future positions out to 2040. The diagrammed star
disks match the Airy disk diameter produced by a 250 mm
aperture.
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visual separation between the two stars (see alpha
Centauri in Figure 1). This apparent orbit is what we
actually observe and measure on the celestial sphere.
Complex mathematics, applied to painstaking
observations of position and orbital velocity over
decades or even centuries, are required to derive the
dimensions of the relative orbit and the dynamics

of the absolute orbit from the distorted path of the
apparent orbit.

The balance in a binary orbitmultipl between
gravitational attraction and orbital energy is
summarized in a proportion known as Kepler’s third
law. This is easiest to calculate if we measure mass
in units of solar mass (1 M is the mass of the Sun),
orbital radius in astronomical units (1 AU is the
distance from the Earth to the Sun) and period in
Earth years. Then Kepler’s third law is simply:

(M1 + M,) = /P

The target list indicates both the period (P) and
average orbital radius (7) for all systems with an orbital
solution. For these, you can use Kepler’s third law

to calculate the system mass.

If we don’t know the orbital radius, but know the
distance (d) to the double star in parsecs (denoted pc;
one parsec is equal to 206,265 AU or 3.26 light years)
and have measured the angular separation (p or 7o)
between the stars in arcseconds, then the projected
separation (ps) between the stars, again in
astronomical units, is:

ps=p-d.

This is always a minimum separation, because a tilted
(foreshortened) orbit will make the distance between
stars appear smaller than it actually is.

Multiple star orbits

What happens in a system of three or more stars?
Here a binary orbit still prevails, but in a remarkable
way — it becomes enormously larger. This creates the
defining feature of a stable multiple star: a hierarchical
orbit structure (Figure 2).

A binary pair — the building block of every double
star — is bound by mutual attraction to a common
barycenter. If a third star approaches too close to this
stable couple, the barycenter formed by all three stars
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Figure 2 Hierarchical multiple star orbits

Multiple stars are composed of binaries and single stars
arranged in a hierarchy of distances. The horizontal bars
indicate the orbits, the number below each bar the orbital radius
in astronomical units. Double stars of 2, 3, 5 and 6 components
are drawn from the target list. The examples also show how
multiple star components are labeled.

becomes unstable and their orbits unpredictable.

But a binary can join with another binary or single
star if they partner at a much greater orbital distance,
often 100 to 1,000 times the orbital radius of the
binary. At this remove a binary influences the distant
barycenter as if it were a single large star, and can
form one half of a stable "binary" unit. From the
inverse square principle, we see this can reduce to
1/1,000,000th the gravitational disruption that the
third component might exert on the binary orbit.
Yet this bond can still be strong enough to resist the
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attraction from other stars in the Galaxy, making the
triple star an enduring dynamic system.

This hierarchical segregation of orbits distinguishes
a multiple star from its natal star cluster. In the
cluster, all the star systems orbit the single barycenter
formed by the entire cluster, stars are deflected into
new orbits each time they pass through the cluster and
“evaporation” (as dispersing gas and dust reduces the
mass of the cluster, weakening the gravity that holds
the cluster together) dissolves nearly all natal star
clusters within a few 10 million years.

Multiple protostars seem to form within a single
cloud core, so at birth they will have similar,
dynamically unstable orbits. So how does a
hierarchical structure develop? Through competition.
As the protostars orbit their common center of
gravity, by chance all three can approach periastron
near the same time. When this happens the two most
massive or closest stars can join forces with their
greater mutual attraction and hurl the less massive or
more distant third star into a larger, higher energy and
higher velocity orbit; this transfer of orbital energy
allows the dominant pair to settle into a tighter, lower
energy orbit. This process can be repeated many times
within a few million years, “hardening” the inner
binary and eventually imparting an escape velocity
to the third star, ejecting it from the system.

Although ejection is possible, it isn’t inevitable.
There are over 160 examples of a binary plus third
component or “2+1” systems in the target list that
apparently have found a stable dynamic configuration.
The less common “1+2” systems (a binary orbiting a
more massive primary star) and the even rarer “double
double” (2+2) systems can evolve in the same way,
binding the binary units more tightly while increasing
the orbital radius to other components. A nearby
example is the wide naked eye pair Mizar and Alcor
in Ursa Major. Mizar is also a close telescopic double,
forming a 2+1 triple system. In fact all three
components are very close binaries, forming a sextuple
system of hierarchically segregated orbits (Figure 2).

Similar quintuple and sextuple systems are rare
(only 40 are found in the target list), and hierarchical
structure seems to reach its limit in systems of about
seven stars. Beyond that, the competition among
components dissolves large stellar groups before they

Figure 3 The Trapezium in Orion

An unstable group of at least a dozen stars emerging from its
natal cloud of gas and dust. Because the four brightest stars are
competing to dominate their shared barycenter, the group is
unstable and will eventually break apart.

can competitively develop a stable hierarchical
arrangement. The 400 parsec far Trapezium,
emerging from the Great Orion Nebula, is a case in
point (Figure 3). A visual quartet where each of the
four massive stars is already a double or multiple
system, there is no clear hierarchical ordering in their
orbits or separations. Just a few million years old, this
minicluster of a dozen or more stars already displays
divergent motions, a sign that it is on the way to

breaking apart.

Stellar mass and the binary life cycle

In stars, mass is destiny. The mass of a star determines
how long it will live and how it will die. Because most
binaries remain bound for the life of the component
stars, this means mass determines the life cycle of the
binary system as well.

A star is an enormous sphere of plasma, heated by
the thermonuclear fusion of hydrogen or helium at its
core. The fusion is ignited and contained by the
enormous pressure of the star’s mass, as gravity strives
to collapse the star to a single point. The energy
released by this fusion pushes the collapsing mass
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outward in all directions, stabilizing the contraction
into a spherical body with an incandescent skin or
photosphere. This shines with a peak energy or effective
temperature and a characteristic brightness or absolute
magnitude (M). As stars increase in mass they become
much hotter and brighter, and the color of their light,
the clue to their temperature, shifts from red to blue
wavelengths.

This relationship between mass, color and
brightness is indicated by a star’s spectral type. For
normal or main sequence stars, it is simplest to think in
terms of four contrasting categories of stellar mass. (1)
The hottest, brightest (and rarest) Aigh mass O and
B type stars, such as Rigel or Achernar, have a mass
from 120 M down to about 4 M), and shine with a
brilliant, bluish light that includes vast amounts of
invisible high energy ultraviolet and X-ray radiation.
(2) Less massive 4 #ype stars, such as Sirius,
Formalhaut and Vega, are around 3 to 1.5 M, and
the benchmark for a bright, “pure white” star color.
(3) The solar type stars — F, G and larger K types, like
the Sun, Procyon or Rigil Kent — are about 1.5 M,
to 0.5 M and peak in the visible spectrum with a
pale to distinctly yellow light. (4) The coolest, faintest
(and most common) Jow mass stars — smaller K and
M types, such as 61 Cygni or Kruger 60 — are 0.5 M
or less and glow with a pronounced orange light that
peaks in the invisible infrared (heat) and microwave
wavelengths. Arranging these spectral letters in order
of decreasing stellar mass and temperature yields the
sequence O B A F G K M, traditionally memorized
as Oh Be A Fine Girl, Kiss Me. Gradations within a
type are indicated with a number from 0 to 9: for
example, an AQ star has double the mass and triple
the brightness of an A9.

All stars eventually consume the hydrogen available
to their core, and once they do they leave the main
sequence of normal stars. Solar and higher mass stars
switch to burning the helium “ash” that accumulated
from fusing hydrogen, and the resulting surge of new
energy forces the surface of the star outward to 500 or
more times its normal radius. This enormously
expanded giant or supergiant surface area allows the
photosphere to radiate vastly more light, making it
perhaps 10,000 times brighter. The rarefied surface

becomes cooler, shifting the peak wavelength into the

infrared and giving old solar and high mass stars a
similar bloated, bright and ruddy appearance.
These developments are captured in the /uminosity
type of a star. A young or midlife, main sequence
star is denoted with the Roman numeral V or IV;
an expanding giant star by III; and a massive and
massively expanded supergiant star — the most
luminous star outside a nova or supernova — by Ia,
Ib or II.

Due to the extreme heat in their massively
compressed thermonuclear cores, high mass
(O or B type) stars feverishly consume their
reserves of fuel in a few tens of million years,
while relatively cool, low mass (K or M type) stars
can shine frugally for tens of billion years. In
binaries of unequal mass (¢ < 1.0), the more
massive component will enter the giant phase first,
and this can create some spectacular stellar
fireworks. In close binaries (r < ~3 AU), the dying
star may expand so far that it forms a semi-detached
binary, transferring its remaining hydrogen to the
companion and giving it a life-shortening greater
mass. The donor star then collapses into an
incredibly compact and hot cinder called a whize
dwarf. When the companion also begins to die,
expand and pour hydrogen onto its dead companion
via an encircling accretion disk, the result can be a
Type Ia supernova or X-ray binary and, eventually,
the sepulchre of a matched white dwarf binary.

Most binary orbits are too large for mass transfer
to occur and the giant or supergiant phase unfolds
in isolation. These “giant type” binaries are not
uncommon among visual double stars (the target list
includes almost 130). This is because the giant and
its companion are both intrinsically bright, their
high system mass can sustain large orbits that can
be resolved at great distances, and the giant phase can
last for a billion years.

Examples of the next stage — a main sequence star
with a white dwarf companion — are harder to find:
white dwarfs are too faint to be visible outside the
solar neighborhood. The three best known examples,
Sirius B (Figure 1), Procyon B and 40 Eridani B, are
all within 5 parsces of the Sun, yet Procyon’s 11th
magnitude (m.11) white dwarf can only be glimpsed
in large telescopes.
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The double star population

We now can address a basic question: what is the
multiplicity ratio, the proportion of double stars
among all star systems (whether single or double
stars) in the Galaxy? In the solar neighborhood
(within 25 parsecs of the Sun) and considering only
average or solar type stars (F, G and more massive
K types), recent research suggests the multiplicity
ratio follows a “60%—-60%" allocation: Roughly 60%
of individual stars are actually members of double or
multiple star systems, but roughly 60% of star systems —
those individual points of light in the sky — are single
stars. The corollary to this 60%—-60% rule is: About
70% of double stars are binary. Among the roughly
40% of local, solar type star systems identified as
double stars, 72% have only two components, 21%
have three, 5% have four and only 2% contain five
or more components.

This 60%—60% rule is not universal because mass
strongly affects the multiplicity ratio. High mass
(O and B type) stars have a multiplicity ratio of 80%
up to perhaps 100%. In low mass stars — small
K type, M type and even smaller brown dwarfs — the
multiplicity ratio is apparently less than 30%. Equal
mass binaries (¢ =1.0) seem more common in closely
orbiting pairs, as components in multiple systems,
and in low mass systems; unequal mass ratios
(g < 1.0) are about equally common down to mass
ratios of 0.2. Delving the extreme mass ratios, the
vast majority of solar type stars, single or double,
appear to support planetary systems.

The size of binary orbits, like the mass of stars
themselves, covers an enormous range (see Appendix
C). The closest orbiting binaries have been studied
as eclipsing variable stars, apparently single stars that
display a periodic and revealing variation in brightness
as one star passes in front of the other. Some of these
are contact binaries (W Ursae Majoris type variable
stars), solar mass stars that circle each other in less
than a day and are enclosed in a single photosphere,
with a shape resembling a peanut. Other solar mass
stars, in nearly circular orbits with periods of a few
days or weeks, perpetually turn the same face to each
other and form dramatic tidal streams or enormous
star spots within a shared and tangled magnetic field
(RS Canis Venaticorum variable stars). Among

A type and high mass stars, systems have been
tound where the tidal attraction between the stars has
distorted them into an ellipsoidal shape (ellipsoidal
variable stars), sometimes causing a transfer of mass
from the larger star to its companion ( Lyrae
variables). And stars of any mass may be the Algol
type variables, with orbits of months or years — too
far apart to interact, but close enough to eclipse each
other along our line of sight — that let us measure
the diameter of each spectral type of star.

At the other extreme, one of the widest confirmed
double stars (the A type system of Fomalhaut and
TW Piscis Austrini) is separated by more than 50,000
AU with an age of more than 400 million years.
Multiple systems may have the heft to bind even
wider orbits: Mizar and Alcor, separated by 74,000
AU, have recently been shown to be bound.

The outer limit of orbits that can endure for the life
of the component stars is still believed to be around
1,000 to 5,000 AU, but orbits 10 times larger are
now confirmed that have survived more than one
revolution around the Galaxy.

Most double stars form orbits between these
extremes. Among the local, solar type double stars,
the median orbital radius is about 50 AU with a
median period of 250 years and a wide range of
eccentricities distributed around an average of ¢ = 0.5
(the semi-major axis (a) is about 15% longer than
the semi-minor axis (4); see Appendix B). But
Kepler’s third law means the system mass will
determine the orbital radius for the same 250 year
orbital period: a high mass B5V binary must orbit at a
radius of around 120 AU, while a low mass M5V type
binary can orbit at only 30 AU, the distance of
Neptune from the Sun.

Detecting double stars

By definition, a visual double star can be resolved
into separate components with measurable relative
positions. For more than two centuries, these
measurements have been made with a filar
micrometer: a device that lets the observer adjust the
spacing between two parallel filaments in the eyepiece
field of view to measure the separation between two
stars, then rotate the filaments to align with and
measure the position angle. Around 1975, the
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method of speckle interferometry used computers to
transform atmospheric turbulence into greatly
magnified star images. Two decades later, /ong
baseline interferometry used computers to combine the
images from widely separated telescopes to create a
single high resolution aperture. Interferometry is
considered a “visual” technique because it also
provides measures of separation and position angle.

Many double stars in the target list were discovered
by painstaking visual inspection of every star brighter
than an arbitrary magnitude limit. But many double
stars were detected by other methods, and it is
customary to categorize these systems by the method
used to discover and measure them.

Several hundred double stars have been discovered
by analyzing the variable light from an apparently
single star — those eclipsing variable stars, mentioned
above. Since 1900, more than two thousand have
been identified as spectroscopic binaries, because the
two stars orbit at such high velocities that their
mutual spectrum reveals Doppler shifts in the
absorption lines of the much brighter star (a single
line binary, denoted SB1) or of both similarly bright
stars (a double line binary, SB2). Even when no
Doppler shifts are apparent, spectrum binaries can be
detected because the superimposed absorption lines of
the two stars are recognizably different, and
photometric binaries can be identified because the
primary star is much brighter than its spectral type
predicts. X-ray binaries — a white dwarf or neutron
star receiving mass from a dying companion — have
been identified with X-ray telescopes. Some binaries
have even been discovered through a telltale stepwise
(rather than instantaneous) extinction of the star’s
light during occultation by the Moon.

A small number are astrometric binaries, detected
even though the companion is too faint or too close to
the glare of the primary star to be imaged. Instead, the
small elliptical motion of the primary star can be
observed as a sideways wobble in the path and
periodic change in the pace of its proper motion
across the sky. The companion to Sirius (Figure 1)
was identified in this way in 1844, nearly two decades
before it was visually detected in 1862.

Finally, several thousand have been identified as
common proper motion (CPM) binaries because they

share the same speed and direction of motion across
the sky. (Radial velocity toward or away from the
Earth is more difficult to measure, but can be used
to calculate the #ue motion in three dimensions.)
These are identified by proper motion surveys that
rapidly compare or “blink” matched sky photographs
taken decades apart or by statistical analysis of the
trajectories of stars measured by ground based
telescopes and astrometric satellites. Research in the
past few decades has found dozens of CPM binaries
with an angular separation many times wider than
the full Moon. In order to qualify as a double star,
the separation of a CPM binary must be small enough
to provide an enduring gravitational bond between
the stars, but we’ve seen this limit is at least 50,000
AU in fact, and can be over 1 parsec in theory.

Stars beyond the largest binding distances can still
show common proper motion: these comoving groups,
gravitationally unbound stars with parallel orbits
around the Galaxy, have emerged with similar
trajectories from the same star forming region.
These comoving groups can be huge. Most famous
is the Ursa Major association: all but one of the stars
in the “Big Dipper” asterism are at the head of an
impressive stream of more than 50 stars scattered
across 31 constellations.

Even with all the terrestrial and satellite
instruments available to us today, visual double stars
are local objects, astronomically speaking. Half the
systems in the target list are within 120 parsecs of
the Sun, and only high mass or high luminosity giant
and supergiant systems are bright enough to be
included beyond 350 parsecs. Slow positional change
or highly inclined orbits prevents u from tracing long
period orbits or detecting Doppler shifts; large
distances can diminish even huge orbits; limited
brightness obscures even neighboring low mass stars.
Outside the solar neighborhood, we observe only an
incomplete and biased sample of double stars and
their components — low mass stars, in particular,
are very difficult to detect without infrared telescopes.

As the astronomer Robert Grant Aitken
complained over a century ago, a great number of
optical pairs have made their way into double star
catalogs. (These are retained, though recognized as
optical, to prevent “rediscovery.”) A repertory of
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statistical tests has been developed to identify physical
systems by appearance alone, and these converge on
the visual profile bright, tight, equal, similar — the two
stars should be little separated, equally bright, and
have similar spectral types. The probability that an
optical pair will match this profile is very small, but
unfortunately this profile excludes the many unequal
mass, “giant type" and visually wide CPM doubles we
know exist. The real solution calls for data, and this
means repeated measures of relative position made
over decades or centuries of observation.

Double star catalogs

Double star observations have been painstakingly
acquired and cataloged for more than two centuries by
a brigade of double star astronomers, and their
catalogs form a unique and irreplaceable historical
record of celestial change. The target list is compiled
from more than 80 of these double star catalogs
dating from 1782 to the present (see Appendix D).
All these catalogs (and many others) are now
combined as the Washington Double Star Catalog
(WDS), the authoritative and frequently updated
database of visual double stars maintained since
1964 at the US Naval Observatory (USNO) in
Washington, DC.

The attributes essential to include in any double
star catalog (besides its celestial coordinates or
location in the sky) are: (1) its catalog ID, (2) the
component letter codes, (3) the position angle, (4)
the separation, (5) the magnitudes of the components
and (6) the epoch.

The WDS ID is currently a nine digit abbreviation
of the target system’s celestial coordinates, with plans
to expand to 13 digits. The shorter and more easily
recognized Catalog ID, used in the A#/as charts and
in many references, may not indicate the astronomer
who discovered the pair: over 400 double stars
credited to F. Wilhelm von Struve (X) were actually
discovered by William Herschel (H).

The apparent orbit is measured with just two
parameters (Figure 4). Position angle (0) is the “clock
face” orientation of a line joining the primary (usually
brighter) star to the secondary (fainter) star, measured
in degrees from the line to celestial north (0°), and
increasing counterclockwise through east (90°), south

10

Figure 4 Double star measurement

A binary star is described by the position angle(8), and the
separation (p). The orientation of the field depends on the
equipment: (right) an “inverting” astronomical telescope rotates
the field by 180° and position angle increases in the
counterclockwise direction; (left) a mirror diagonal reverses the
field left to right and position angle increases clockwise.

(180°) and west (270°). Because stars appear to

drift east to west in a fixed field of view, west is
traditionally referred to as preceding (abbreviated p.)
and east as_fo/lowing (f.). These abbreviations, used in
combination with norzh (n.) and south (s.) in the target
list remarks, can point to other objects in a field of
view while signaling that the direction is only
approximate.

Separation (p) is the angular distance between the
two stars, measured in arcseconds () or, in the target
list, in arcminutes () if larger than 120”. How wide
is a typical double star? The average separation of
pairs in the target list is 26”. In comparison, the
disk of Jupiter is never smaller than 29”.

Individual stars within multiple stars are identified
by a letter component code, and measures of position
are denoted by the component code combination.
The primary star is labeled A, its companion or
secondary star is labeled B, and measures of 6 and p
are listed for the pair AB; the third component is
labeled C, its position relative to the primary as AC,
and so on. Frequently a component thought to be a
single star turns out to be a close binary, so the
component symbol is split by appending lowercase
letters and separating the pair with a comma
(C becomes the binary Ca,Cb). If one of these is also
found to be a binary, the code is split by appending
numbers (Ca becomes Cal,Ca2). New components
are assigned the next available letter — D, E, F and so
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on. Figure 2 illustrates how this sequence of code
revisions often signals the hierarchical structure of
a multiple star.

In addition to positional measurements, the
primary and secondary magnitudes (denoted 721 and
m2) are important to calculate the system magnitude
difference or delta-m (Am). As the brightness contrast
between the two stars, Az can be used to estimate
the mass ratio (¢) of the stars when both are on the
main sequence (see Appendix B).

All double stars are continually moving, in orbit
around each other and in proper motion across the
sky. This makes epoch, the year the system was
measured, useful to decide if the parameters describe
the current appearance of the system. In addition, the
meaning of § changes over time, because precession
of the equinoxes changes the celestial direction of true
north: epoch allows this to be corrected in historical
measures. Although routinely omitted from most
double star references, the proper motion of each
component is invaluable to suggest whether two stars
are moving independently or as a gravitationally
bound pair. Finally, the spectral type and luminosity
type are useful to understand the hierarchical structure
and age of the system, estimate the system mass,
and derive the absolute magnitude necessary to
calculate the distance of the system from its apparent
magnitude (the so-called spectroscopic parallax,
see Appendix B).

Telescope optics
With this background understanding of physical
double stars, it’s time to explore the observing
techniques of double star astronomy and the best use
of your telescope.
The four basic optical attributes of a telescope
are the aperture (D), the objective focal length (f,),
the objective focal ratio or relative aperture (N) of the
primary mirror or objective lens and, for visual
astronomy, the eyepiece focal length (f.). These define
the quantities of magnitude limit, resolution limit,
magnification and exit pupil that determine the
quality of your telescopic image. Appendix B lists the
formulas used to calculate each of these quantities.
The magnitude limit (my) is an estimate of the
faintest star you can detect with your telescope using

1

averted vision. This depends on faintest star you

can detect with your naked eye, the naked eye limit
magnitude (NELM), which is about 6.5 at a dark
sky site but much less (~4.5) under light-polluted
suburban skies. However, direct or foveal vision is
necessary to see star colors and resolve close doubles,
so these must be at least three magnitudes brighter
than the magnitude limit of your telescope (wide,
faint companions can still be detected with averted
vision).

The A/D or Abbe Resolution limit (R,) is the
smallest angular width that can be imaged with your
telescope aperture. It is imposed by the wave nature
of light, which diffracts a perfect image into
alternating ripples of light and dark that, like pixels
on a computer screen, limit the smallest resolvable
detail. This limit R, is calculated (in radians) as the
average light wavelength (1) divided by the aperture
(D) in millimeters. Many double star astronomers
rely instead on a resolution criterion, the minimum
separation necessary to see two distinct star images,
as proposed by Lord Rayleigh using optical theory,
William Dawes using telescopic observations, or
C. M. Sparrow using visual experiments (see Figure 5
and Appendix B). These are found by multiplying the
optical limit R, by a perceptual adjustment factor (%).
But visual acuity is an individual attribute, part of your
"personal equation”. Many skilled observers can
detect an equal magnitude binary as an elongated,
“egg shaped” or “rod shaped” star at a separation that
is nearly half the Abbe criterion. The optical quality
and collimation of your telescope, the strength of
your eyes, your viewing skill — as well as the
atmospheric conditions and brightness contrast of
the target system — determine your actual resolution
limits.

Magnification (also denoted by M) is the visual
width of the object as it appears in the image
compared to its naked eye width in the sky. It is
produced by the combined focal lengths of the
objective (primary mirror or lens) and eyepiece.
Magnification increases as the objective focal length
gets longer, enlarging the image by projection
distance like a film projector moved farther from a
screen; and it increases as the eyepiece focal length
gets shorter, enlarging the image by bringing it closer
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to the eye. Increased magnification has three effects:
it reduces the angular width of your true field of
view (TFOV), it makes the background sky darker,
and it makes the effects of atmospheric turbulence
more obvious.

Of course, to utilize fully the resolving power of
your telescope, you must enlarge the resolution limit
of the aperture to match the resolution limit of your
eye. However, magnify as much as you like, you will
never see an actual double star. Instead you see the
image created as light waves from the star are
disrupted by the physical limits of your telescope
aperture. If the star is bright enough to be viewed
directly, it will appear as a tiny drop of light called the
Airy disk, and in brighter stars (under good seeing)
this disk will be enclosed by one or more concentric
ripples of light, the diffraction rings. Since you are not
looking at an object outside the telescope but at a
diffraction artifact inside the telescope, the visual size
of the Airy disk must be estimated in a different way.

The exit pupil (d.) of your telescope is inversely
proportional to the apparent diameter of the Airy
disk — as the exit pupil becomes smaller, the Airy disk
will appear larger. To resolve the closest double stars
or to evaluate the seeing (as explained below), you
must magnify the Airy disk until it is distinctly visible.
For most observers, this means an exit pupil less
than 1.0 — in other words, an eyepiece focal length
(fe) that is less than the telescope’s relative aperture
(V) (see Appendix B): With the V=10 optics found in
commercial Schmidt—Cassegrain telescopes, a 5 to
7mm eyepiece is often effective.

Preparing to observe

Astronomy requires good optics, but also careful
adjustment and skillful use of your equipment.
Assuming you already know how to set up and

polar align your telescope, there are three preliminary
steps to a night of observing: cool down, collimation
and seeing evaluation.

Cool down allows the telescope to reach the same
temperature as the surrounding air, which eliminates
the thermal currents from the mirror and inside the
telescope tube that will badly degrade the image.
The routine solution is to store the telescope during
the day where it can be protected from heat, set up
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and uncover the telescope just before sunset, and
start observing when twilight ends. Cool down of at
least an hour is necessary for reflecting telescopes —
Newtonians and all Cassegrain formats — and large
apertures may require more time. As a rule, refracting
telescopes equilibrate quickly.

Collimation is the centering and parallel alignment
of the optical axis of all lenses and mirrors in the
telescope — including the optical axis of the eye, which
must be centered over the eye lens for best views.
Miscollimation can seriously degrade the quality of
the telescope image, but fortunately it is easy to
correct. The manuals that ship with commercial
reflecting telescopes will explain how to collimate
the instrument. (Refracting telescopes are already
collimated and most cannot be adjusted.)

Both collimation and cool down are evaluated
by looking at a bright star image defocused in the
extrafocal direction (toward the observer) to show
about five diffraction rings around the faint central
Poisson spot. A warm mirror will present an
undulating circumference or a wedge-shaped plume
rising from the middle of the defocused star image;
a miscollimated mirror will show the Poisson spot
out of center.

Once the thermal wedge has disappeared and
collimation is confirmed, the same bright star in crisp
focus can be used to evaluate the seeing — the rapid
distortion of the telescope image cause by thermal
turbulence in the atmosphere. Many astronomers use
the ten-step Standard Scale devised by American
astronomers A. E. Douglass and E. C. Pickering to
rate the seeing, but the gist of the scale can be
captured in five intervals, each linked to specific
features of the star image (see Figure 5). The worst
seeing (1) produces an enlarged and featureless ball of
rapidly seething speckles of light. As seeing improves
this becomes (2) a recognizable Airy disk inside a
speckle cloud, (3) a distinct Airy disk surrounded
by a continuous dark ring, and (4) the Airy disk with
a first ring that is unbroken at least half the time.
The best seeing provides (5) a completely formed and
often motionless diffraction artifact. Although
turbulence originates in the atmosphere, its effect
depends on the size of your telescope: on the same
night at the same location, the seeing will be superior
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Figure 5 Resolution and seeing

(Top) The Dawes resolution criterion is essentially the same
as the Abbe or A/D resolution limit; the Rayleigh resolution
criterion is 22% larger. (Bottom): Schematic of changes in
Airy disk appearance under different levels of seeing.

in apertures below 200 mm. Many double star
astronomers prefer even smaller apertures for their
pretty and vividly colored images.

The appearance of the turbulence can indicate its
source and persistence. Low frequency seeing seems to
undulate like ripples in water, causes large jumps in the
star image, and often shows and upward flow in a
highly defocused star image. High frequency seeing
churns rapidly, shows little or no jumping around, and
often presents a sideways flow in the defocused image.
Low frequency seeing is typically in the telescope or
near the ground and often abates as the telescope,
ground and air cool after sunset — provided you are not
observing near heated buildings or paved surfaces.
High frequency turbulence often originates in
changing weather or the jet stream and is likely to
persist all night.

Helpful accessories

By far the most important accessory for viewing
double stars — assuming you already have your thermal
clothes, red light flashlight, observing chair and

thermos of warming beverage — is a standard eyepiece
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that provides any combination of magnification and
apparent field of view (AFOV) that you find routinely
convenient with the telescope you are using.

Here preferences vary, depending on whether you
think in terms of resolution or the field of view.

I start with resolution, and prefer an eyepiece that
gives an exit pupil of around 1.0: this lets me see the
resolution limit of my telescope with a good sized
field of view. Others prefer a magnification of 80 to
120 that presents a generous field, minimizes the
effects of poor seeing in larger apertures and resolves
all but the closest double stars. Try both approaches
to see which one you prefer.

Eyepieces of the same focal length can have an
AFOV between 40° and 100° or more, depending
on optical design. I find an AFOV of 70° is optimal
for the standard eyepiece: a smaller apparent field
excludes too much of the surrounding skyscape,
while a larger field makes it too difficult to estimate
separation between wide double stars. This requires
you to calculate the diameter of the #rue freld of view
(TFOV) of your eyepiece (see Appendix B), then use
proportions of the field radius to judge angular
distance. For example, if the calculated diameter of
the true field is 20 arcminutes, then half the distance
from the center to the edge of the field is 5
arcminutes.

Bracket this standard view with two eyepieces with
half (or less) and double (or more) the standard
eyepiece focal length. The lower power will deliver
the most benefit with a superwide AFOV (80° or
more). For the highest power eyepiece, a zoom lens
across the short focal lengths is handy because you
can nicely adjust the magnification to produce the
best contrast and visual detail. Baader offers a very
fine low power zoom; TeleVue has two excellent
versions for high powers.

An astrometric eyepiece is available from Meade
(the discontinued Celestron eyepiece can be
purchased used). These show an illuminated linear
scale across the field of view, used to estimate
separation, and a circumference scale used to estimate
position angle. The references include sources
describing the use of these eyepieces. Although not
as precise as a filar micrometer they are far less
expensive and much easier to use.
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Finally, the modern, computer-controlled GoTo
mount is enormously helpful in double star
astronomy. Accurate GoTo pointing makes it easy to
identify an 8th magnitude target system within a field
of similar stars, and it eliminates the time-consuming
(although often enjoyable) challenge of star hopping
with star chart and finder scope. A laptop or
desktop computer provides the highest level of
control, but lacking that a handset with an installed
star inventory is indispensible.

Many observers prepare and print out observing
checklists, finder charts for faint systems, guidebook
descriptions and other aids. I print out observing
lists with room for making notes or ratings of
visual quality, and use the pocket-sized paper
notebooks by Fabriano for making notes and
drawings at the eyepiece. A compact voice-activated
recorder is also handy to capture observations for
later transcription.

Observing techniques

All systems in the target list can be resolved by
telescopes up to 300 mm aperture under good seeing.
I have not stinted on challenge doubles that will test
the limits of your observing skill and observing
conditions, no matter what aperture you own.

The three challenge parameters of a double star are
the primary magnitude, the magnitude difference and
the separation. But a 2 separation can be easy or
difficult depending on your telescope’s aperture. To
eliminate this complication, just divide the separation
by your telescope’s resolution limit (or resolution
criterion): this is the resolution ratio (p/R,) of the
binary in your telescope. A resolution ratio of 2 means
the binary separation is twice as large as your
resolution limit or criterion and should be easy to
resolve — with sufficient magnification.

Magnitude difference is equally important,
however. Their combined effect can be evaluated with
a Treanor plot (Figure 6). The gray dots in the figure
plot the A for doubles in the target list using the
resolution ratio for a 250 mm aperture. There is
clearly an area in the lower left — the combination of
small resolution ratio and large Am — where double
stars are too difficult to resolve: glare or diffraction
rings around the primary obscure the fainter star. The
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Figure 6 A Treanor plot

A Treanor plot locates individual double stars (gray dots) by the
resolution ratio (p/R,) and the magnitude difference (Am).
Resolution thresholds can be drawn into the plot to indicate
whether a binary will be easy or difficult to resolve: two simple
examples, the Opik limit C and the “rule of thumb”, are shown.

curve (C = 1) in the diagram represents a resolution
boundary suggested by the Estonian astronomer
Ernst Opik: double stars plotted above this curve
should be easy to resolve. The shape of the curve
indicates that close doubles must be similar in
magnitude to be detected easily, and that glare rapidly
decreases with separation. A second curve, for C = 2,
suggests how far your observing skill and favorable
seeing can increase the systems you can observe.
Unfortunately, the Opik and similar detection
formulas require a calculator to implement. A simple
“rule of thumb” approximation for C = 1 is: if Am is
less than 1 then the pair can be resolved down to the
optical resolution limit (p/R, = 1); otherwise Az must
be less than the resolution ratio (Am < p/R,). With
experience and good equipment, you will routinely
detect unequal doubles beyond this simple limit.
Small separation and large brightness contrast are
not the only visual difficulties you will encounter.
All close doubles are difficult in bad seeing. And
difficulty increases at the magnitude extremes: a
bright primary star will produce more diffraction rings
and cast obscuring glare at a greater distance,
especially on nights when there is diffusion from
atmospheric humidity or dust. A reflecting telescope
with a central obstruction that is more than 30% of
the diameter of the aperture pushes excess obscuring
light into the diffraction rings. If the stars are too faint
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for your aperture, they approach the foveal limit
where your detail vision fails, and the lower resolution
of your averted vision will be unable to resolve them.
In all these situations, the stars must be farther apart
in order to be seen. And there is occasional inaccuracy
in the cataloged magnitudes or separation, making
the star seem easy to resolve — on paper.

Patience is a critical ingredient in most visual
astronomy. Unless the seeing is very good, you must
wait for the “revelation peeps” (as astronomer Percival
Lowell called them) when the air briefly steadies and
you can glimpse close doubles without distortion. You
must learn what a companion star looks like when it
mingles with the diffraction rings of the brighter
star — often appearing to be only a persistent speckle.
And using sufficiently high magnification is often the
key. With poor seeing, high magnification helps
because the Airy disk of bright stars can be observed
"through" the turbulence. (This runs counter to the
practice of planetary and lunar astronomers who are
taught to reduce magnification in bad seeing.) With
good seeing, the right magnification can make faint
components visible by suppressing the background
sky brightness and make components hidden in the
diffraction rings easier to detect.

How can you know if you have actually detected
a close or difficult companion? The best case is that
you resolve the binary and see two unmistakable
Airy disks, separated by a sliver of darkness or barely
touching at their edges. However you can derect a
binary as a stubby rod produced by the overlap of
two Airy disks, or you may see a fleeting or
indistinct brightening of the diffraction rings, a
fuzzy blob or persistent speckle that will not look at
all like an isolated star. To test your observation,
visually estimate the separation and position angle
of the component, and compare your estimate to the
target list values. This is easiest if you have a
German equatorial mount (GEM). Align the
drawtube of your focuser or star diagonal so that it is
parallel to the declination axis, and the east/west
(following/preceding, 90°/270°) position angles in
the eyepiece field will be parallel to the optical axis
of the telescope. (Note that field orientation rotates
180° when you turn your telescope across the
meridian, switching west and east.) If your estimate
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of position angle is reasonably close to the catalog
value, then detection is confirmed.

From the eighteenth century to today, star color
has been one of the most carefully described and
widely enjoyed aspects of double star astronomy.
However, color perception varies from one person
to the next and the colors you see will differ from
those seen by other observers. All star colors are quite
unsaturated (diluted with “white” light), which can
cause star color to change the longer you look at it,
and your vision will alter the apparent color of stars
with complementary color contrast, for example
when a bright yellow or orange star makes a white
companion star appear blue or green. As stars become
fainter, the same orange or red hues appear more
saturated, but yellow stars will fade quickly to an
apparent gray, and otherwise colorless stars can
appear pale blue. The telescope aperture, the
brightness of the stars, the brightness contrast and
angular separation between them will all noticeably
affect star color. In double stars, color really is in
the eye of the beholder, with the telescope an integral
part of your eye.

To examine and describe star color, think in terms
of the basic incandescent or “hot metal” hue
categories — red, orange, yellow, white, blue
(abbreviated R, O, Y, W, B) and adjacent blends
such as yellow orange (YO) or blue white (BW).
(Blue green, green and wviolet are always illusory.)

In bright stars, color can be displayed more clearly if
you slightly defocus the star in the extrafocal direction
to present the color as a small disk. Notice also how
much magnification affects star color: Rasalgethi,

for example, will appear at low power as two yellow
orange stars, but at an exit pupil of around 1.0, the
beautiful yellow and blue (Y/B) contrast appears
clearly. These complications limit the reliability of
color as an indicator of a star’s spectral type: all the
more reason to just enjoy the view.

Finally, change eyepieces often. The standard
eyepiece, with the target system centered in the field
of view, is always your basis to compare one system to
another. Compare the magnitude of the components
to the magnitude of the primary, and note whether
the star is in a 7ich field or a dark freld. (Optical pairs

are much more likely in a crowded field of similar
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stars.) Use averted vision to search for faint
components, and search the field of view for binaries,
bright stars or groups of stars that may be associated
with the target. Note the distance and quadrant
direction of these features from the primary star.

For close pairs, use your high power eyepiece to
resolve the target system. The Airy disk and the dark
interval between the disk and first diffraction ring
must be clearly visible. Conclude by switching to a
low power eyepiece with a large TFOV. Near the
galactic equator this can display splendid views in
every part of the Milky Way and reveal nearby star
clusters or nebulae. When you slew to the next target,
this low power is ideal to locate the new system and
center it in the field for viewing with the standard
eyepiece.

Next steps

Double stars offer a great range of opportunities for
the amateur astronomer. The best of these is simply
keeping notes based on your observations. Separate
from the value of a permanent record, notetaking
encourages you look longer and both study and enjoy
what you see. The remarks in the target list imply a
routine format for observations, but what and how
you record is a highly personal aspect of double star
astronomy. Whatever your style, abbreviations are
especially handy to record essential or routine features
efficiently.

A fun way to start is the Double Star Observing
Program moderated by The Astronomical League.
You'll be asked to observe and draw 100 famous
double stars, submit your work and receive a
certificate, pin and the satisfaction of having met
many double stars in person.

Sampling the systems in the target list may inspire
you to view all the systems in one of the important
historical catalogs — an observing campaign similar
to the Messier challenge or Herschel challenge of
deep sky astronomers. The catalogs by William
Herschel, James Dunlop, Charles Rumker or James
South are all attractive, if liberally mixed with pair
asterisms. A favorite and ambitious challenge is the
list of ~ 3,000 targets compiled in the early nineteenth
century by F. Wilhelm von Struve (). This catalog
contains a great number of interesting and spectacular
objects, and for that reason has formed the
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backbone of nearly every double star observing list.
(His supplement catalogs, denoted X I and X 11, are
limited to bright, wide pairs.)

Many amateurs enjoy measuring double stars, and
this contributes directly to the project of confirming
new physical systems and refining the orbits of
those already known. This A#/as can be used to guide
your choice of physical systems most fruitful to
study, and the USNO will on request provide
observers with a custom list of “neglected doubles”
in dire need of attention. A micrometer eyepiece can
be used to measure wide, fairly bright systems; filar
and split prism micrometers are no longer
manufactured commercially, and custom-made units
can be very expensive. Many amateurs instead use
charge-coupled device (CCD) imaging or drift
timing; articles in the references describe these
techniques and the software tools necessary to
produce reliable measurements. Amateurs with very
large telescopes can make productive contributions
to the photometry and even the spectral analysis of
double stars. (Note that you will be required to
demonstrate the accuracy of your equipment and
methods before your measurements will be added to
the WDS.) Amateurs with access to computing
resources and skill in working with data have made
significant contributions, aided by the high quality of
astronomical resources available online. Remarkably,
many double stars have been “discovered” simply by
reviewing archival astrometric data or research
reports.

Double stars are a marvelous esthetic inspiration.
Capturing the beauty of these dynamic beacons is a
worthy artistic challenge, and many observers have
developed methods to draw or paint eyepiece portraits
of double stars. Others meet the challenge with
color video astrophotography. Photographic
equipment today, especially the combination of video
and lucky imaging, is capable of capturing
astonishingly delicate images of the brighter double
stars that were inconceivable just a few decades ago.

The Journal of Double Star Astronomy (JDSO)
maintains an online archive of hundreds of articles
that explain the amateur use of measurement
methods, software and equipment. This is a great
resource for browsing just to see what others have
done. Although more technical in nature, the
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Webb Deep-Sky Society Double Star Circulars also
describing methods of discovery and measurement
and are worth exploring. Both these electronic
publications (see the references) show that double
stars are still being discovered by amateurs working
with amateur equipment.

But don’t just read about it. The surest way to
expand your knowledge of double stars is to
collaborate — through your local astronomy club,
star parties, astronomical conferences, and through
classes by professors at your high school, city college
or university. Astronomy is often a dark and solitary
activity, and perhaps for that reason astronomers
are often eager to share their experience and
encouragement with newcomers and colleagues in

this fascinating and rapidly evolving field.
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Appendix A: The target list

Two criteria were used to select the following 2,500
“high probability” double stars from the 110,950
unique systems in the January, 2015 Washington
Double Star Catalog.

The first is visual limits to magnitude and
resolution. With few exceptions, targets are only
included down to a combined visual magnitude 7.75
and secondary stars down to magnitude 13.5;
separations are not less than the Abbe resolution limit
of R, = 0.5” feasible with a 250 mm or larger
objective. Over 90% of the pairs can be resolved with
a 150 mm aperture.

The second is evidence of a physical bond. This
includes a projected separation less than 5,000 AU, a
divergence between proper motion vectors less than
30% of the larger proper motion, a note in WDS that
the system is physical based on CPM and/or parallax
data, or an orbital solution (weighted by the quality
rating assigned in the 674 Catalog of Orbits of Visual
Binary Stars). Negative indicators included a
projected separation greater than 50,000 AU, a CPM
deviation greater than 80%, a WDS flag indicating a
“bogus binary” or optical pair, or a linear solution (a
straight line path rather than curved orbital motion).
Every record in WDS was evaluated against these
criteria and the highest scoring systems and
components (within the visual limits) were selected.
These systems were further vetted using sky survey
images at SIMBAD, observing notes and other
references. Although this procedure cannot ensure
every target is a physical system, it does reveal more
accurately the true variety in physical double and
multiple stars outside the traditional and ambiguous
criterion of “looking like” a double star.

To conserve space, data are listed on a single line.
This includes the Bayer, Flamsteed or Gould
(southern hemisphere) designation, the catalog ID (as
it appears in the charts); the component letter codes;
the celestial coordinates for epoch J2000; magnitudes,
position angle (#) and separation (p) for the listed
components; distance from the Sun (in parsecs);
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spectral types (with alternate or dual types, most
special codes and giant subtypes omitted for
simplicity), and the Henry Draper (HD) and
Smithsonian (SAO) catalog numbers. Distances
estimated by spectroscopic parallax are flagged with
an asterisk (*).

Again to conserve space, remarks are given
primarily for “showpiece” (%) stars, systems
frequently observed (200 or more positional
measures) or “neglected” (not measured in this
century), high CPM systems (annual proper motion
of 0.5" or more), local systems (within 25 parsecs of
the Sun), and systems with a calculated orbit. Period
(P) and average orbit radius (7) are indicated for
binaries in the 64 Orbits, with eccentricity and year of
next periastron or apastron given for high quality
orbits. If the period is less than 300 years, the orbit
diagram and ephemeris were examined to determine
how the system will change visually. If there is no
orbital solution, the projected separation with the
Couteau correction for foreshortening (see Appendix
B) provides a visual scale. “MSC” system masses are
from A. Tokovinin’s Multiple Star Catalog, other
mass estimates are from WDS notes. The remark line
ends with the epoch in parentheses.

The “Component” column enumerates the
members of the system as these are described in
WDS, MSC and SIMBAD, in the order the
parameters are listed. Many lines have no component
codes at all, which indicates the pair is listed as binary
in WDS (“A B” is understood). The presence of
binary component codes (“A B”, “A C”, etc.) indicates
that the pair was extracted from a WDS multiple
system comprising low probability or optical
components. Pairs that cannot be resolved with a
300 mm aperture (p < 0.4" or a large Am) are grouped
by parentheses with no space or comma between the
component codes; the magnitude, 6 and p describe
the pair as a single component. To make plain the
relative separations in "1+2" triples, brackets are used
to indicate measures made within the binary: “A [B
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C]” with "p [ p ]" means the first separation is
measured from A to B, but the second is from B to
C. This system of formatting the component codes

explicitly departs from the notation (described on
p- XXX) used in WDS and other double star catalogs
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and respected in the target list remarks. It is designed
to indicate both the likely visual appearance and
probable dynamic structure of the double star, so far
as the most recent data describe it.
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Appendix B: Double star formulas

Basic quantity Definition
T Geometric parallax (arcseconds)
m Apparent magnitude
M Absolute magnitude
p Angular separation (arcseconds)
D Telescope aperture (mm)
fo Telescope focal length (mm)
fe Eyepiece focal length (mm)
NELM Naked eye limit magnitude
AFOV Eyepiece apparent field of view (degrees)
Symbol Formula Calculated quantity (units)
Star systems
d =1z System distance (parsecs)
d (= 104 =MD+ (Photometric distance, from m and M, in parsecs)
ps =p-d Projected separation (AU)
pS (= d - 10109(»)+0.13) (Projected separation in AU, with Couteau correction for foreshortening)
p = V¥ [(M+My) Period, for stars of masses M, and M, (in solar units) (years)
e =1 - b?a> Orbital eccentricity (a is semi-major axis, b is semi-minor axis)
I'n =r(1-e) Periastron distance (AU)
Ia =r(1+e) Apastron distance (AU)
Am =m2-mi1 Magnitude difference (m2 is magnitude of the fainter star)
b1/b2 = 2,5194™ Brightness ratio of two magnitudes (b2 is brightness of the fainter star)
q = 1¢7tamol Mass ratio (main sequence stars only)

M =m - 5(log(d)-1) Absolute magnitude (from d and m)
Telescope optics

N = fo/D Telescope relative aperture (focal ratio)

R, = 113/D Abbe resolution limit (arcseconds)

Rs =108/D Sparrow resolution criterion (0.95R, arcseconds)

Rp = 116/D Dawes resolution criterion (1.08R, arcseconds)

Rr =138/D Rayleigh resolution criterion (1.22R, arcseconds)

my = NELM+5log(D)-4 Magnitude limit (for averted vision; varies with observer and quality of telescope)
M = folfe Object magnification

de = foIN Exit pupil

TFOV = AFOV- 60/M True field of view (arc minutes)
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Appendix C: Double star orbits

This table illustrates the wide range in double star orbits,
conventionally described using the orbital period in log

days. 1t assumes two solar mass stars (2P = ¥’), and
values of period and radius have been rounded for clarity.

Period Period Orbital radius Percent of WDS Label or description

(log d) (days/years) (AU) stars

107" 0.23/0.0006 0.009 CONTACT

10° 1.02/0.0028 0.025

10" 8.2/0.022 0.10 . INTERACTING

102 91/0.25 0.50 0.1 (Mercury orbit r = ~ 0.4 AU)

10° 2.8 2.5 1.1 CLOSE (Asteroid belt r = ~ 3 AU)
10 22 10 7.4 (Saturn orbit r= ~ 10 AU)

10° 250 50 21.9 MEDIAN (Limit of Kuiper belt r = ~50AU)
108 2,800 250 25.6 (Heliosphere r = ~ 120 AU)

10’ 22,000 1,000 26.1 WIDE

108 250,000 5,000 14.0 (limit of permanent orbits?)

10° 2,800,000 25,000 3.7 FRAGILE (likely impermanent)
10" 100,000 (comoving CPM pairs?)
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Appendix D: Double star catalogs

In the 1960s the Aitken Double Star Catalog (ADS) was
merged with southern hemisphere catalogs to form a
single resource (the Index Catalog of Double Stars, IDS),
parent database of the Washington Double Star Catalog
(WDS). At that time, many nineteenth century catalog
abbreviations were shortened and the use of Greek letter
sigla was discontinued, but the numbering of systems
within a catalog remained the same (for example, X

274 became STF 274). All modern publications now
use these standard abbreviations. This table includes the
old and modern abbreviations for selected catalogs, the

name of the astronomer or observatory, the approximate
period of double star discoveries, the number of pairs
credited in the WDS (including optical and “lost”
sysz‘emx), and the number of systems in the target list

and Atlas charts.

Catalog ID Observer Active No. pairs in WDS
period (in this Atlas)

Obsolete Modern

Hlto VI, HN H1to6, HN W. Herschel 1777-1821 269 (42)

) STF F. Wilhelm von Struve 1814-1843 4,294 (864)

LI STFA, STFB (Supplemental catalogs) 114 (29)

H HJ J. Herschel 1820-1837 5924 (294)

Sh SHJ J. South and J. Herschel 1821-1840 118 (32)

S S J. South 1822-1825 220 (37)

Rmk RMK C. Rumker 18251837 24 (16)

A DUN J. Dunlop 1825-1846 200 (77)

Lal LAL J.-d. de Lalande 1825-1877 5 (4)

oz STT O. von Struve 1832-1878 754 (191)

0zz STTA (Supplemental catalog) 232 (37)

BrsO BSO Brisbane Observatory (AUS) 1834-1851 29 (14)

Jc JC W. S. Jacob 1836-1879 38 (12)

Dawes DA W. Dawes 1841-1858 7(3)

Gli GLI J. M. Gilliss 1850-1852 108 (12)

Knott KNT G. Knott c. 1865 7(1)

Hd HDO Harvard Observatory (USA) 1866-1911 291 (11)

Stone STN O. Stone 1867-1882 59 (9)

R R H. C. Russell 1870-1882 138 (27)

B BU S. Burnham 1870-1911 2669 (231)

B pm BUP (Proper motion pairs) 372 (2)

Ho HO G. W. Hough 1873-1897 791 (23)

MIbO MLO Melbourne Observatory (AUS) 1873-1898 98 (6)

Howe HWE H. A. Howe 1875-1879 111 (21)

CapO CPO Cape Observatory (ZAF) 1880-1910 68 (14)

Es ES Rev. T. E. Espin 1882-1931 3,164 (7)

CorO (e{0]0] Cordoba Observatory (ESP) 1883-1920 305 (29)

J J R. Jonckheere 1885-1945 3,223 (1)

175



Comp. by: Pradeep Stage: Proof Chapter No.: Appendix D Title Name: MacevoyTirionAndMullaney

Date:28/7/15 Time:20:51:50 Page Number: 176

The Cambridge Double Star Atlas

(cont.)
Catalog ID Observer Active No. pairs in WDS
period (in this Atlas)
Obsolete Modern
Sir SLR R. P. Sellors 1890-1896 26 (11)
- A R. Aitken 1891-1926 3,489 (17)
- | R. T. A. Innes 1891-1927 1,666 (94)
A SEE T. d. d. See 1892-1897 464 (15)
Hu HU W. J. Hussey 1892-1914 1,671 (19)
) DAW B. H. Dawson 1904-1924 225 (3)
- B W. van den Bos 1903-1935 3,101 (8)
- LDS W. J. Luyten (includes PM 1914-1987 5,963 (16)
catalog)
Rst RST R. A. Rossiter 1920-1946 5,575 (7)
@ FIN F. W. Finsen 1920—1961 441 (2)
Cou cou P. Couteau 1957-1991 2705 (4)
Mir MLR P. Muller 1966—1989 702 (1)
- TOK A. Tokovinin 1979- 417 (7)
- HDS Hipparcos Catalog c.1991 3,383 (7)
- TDS, TDT Tycho Catalog c.1991 14,187 (1)
- BVD R. Benavides 1994— 341 (10)
- CBL R. Caballero 1997- 548 (10)
- SKF B. A. Skiff 2000~ 1,991 (35)
- SHY E. Shaya and R. Olling 2011 226 (20)
- uc USNO Astrographic Catalog 2013 5,228 (8)
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Appendix E:

The Greek alphabet

Symbol Name Abbreviation
a Alpha alp (alf)
B Beta bet

Yy Gamma gam
SorA Delta del

€ Epsilon eps

g Zeta zet

n Eta eta

0 Theta the (tet)
L lota iot

K Kappa kap

A Lambda lam

u Mu mu

\Y Nu nu

13 Xi xi (ksi)
oorO Omicron omi

T Pi pi

p Rho rho
corX Sigma sig

T Tau tau

v Upsilon ups
@ordod Phi phi

X Chi chi

U} Psi psi

w Omega ome
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